Considerable interest and research have focused on the administration of therapeutic proteins. For delivery of therapeutic proteins, bioavailability and stabilization of protein drugs to maintain therapeutically acceptable levels is an important challenge in clinical trials. To overcome these challenges, polymeric nanoparticles have become one of the best methods for protein delivery. In this review, we summarize the current available polymeric nanoparticles designed for protein delivery, current status, and advantages of protein delivery systems.
Introduction
Proteins are large biological molecules consisting of one or more polypeptide chains [1] , which perform a vast array of functions within living organisms including catalyzing metabolic reactions, replicating DNA, responding to stimuli, and transporting molecules. Proteins are highly promising drugs as theoretically only a low dose would be necessary due to the relatively specific mode of action [1] . However, proteins are susceptible to proteolysis and denaturation during in vivo administration and thus have poor bioavailability, requiring repeated administration and thus increasing patient inconvenience [2] . Considerable efforts have been devoted to improving in vivo protein stability to range from weeks instead of just days [3] .
Due to rapid degradation by proteolytic enzymes and low passage through biological barriers, proteins cannot be readily delivered orally or dermally [2] [4] . Some proteins present in serum, such as opsonin, cause resistance to functional therapeutic drug delivery systems [5] [6] .
To improve bioavailability of protein drugs, methods such as hydrogels, micro-and nano-capsules, and micro-and nano-particles have been developed [4] - [7] . Among the developed methods, polymeric nanoparticles have recently been shown to improve protein stability through entrapment of proteins in nanoparticles [8] - [10] . The most important characteristic of polymeric nanoparticles is size, and they generally vary from 10 -1000 nm, prepared from several biomaterials. When used in vivo, the size of polymeric nanoparticles can also prevent immune recognition of the loaded protein, thus overcoming a major difficulty of in vivo protein stability [11] [12].
Poor bioavailability, inadequate stability and shelf life, immunogenicity, short plasma half-life, and poor penetration across biological membranes are issues of polymeric protein carriers that have been demonstrated in vivo. To develop ideal therapeutic polymeric nanoparticles, several key features including enhanced drug solubility, controlled release of molecules, prevention of initial bursting, avoidance of undesirable side effects, improved drug distribution, and targeting of diseased tissue must be considered for practical applications [13] .
This review presents an overview of the current state of polymeric nanoparticles. First, polymer types, fabrication methods, and characterization of polymeric nanoparticles are discussed (Figure 1) . The following section focuses on current polymeric nanoparticles for protein delivery. The final section focuses on the advantages and limitations of polymeric nanoparticles.
Nanoparticle Polymers
For clinical success using polymeric nanoparticles, several studies have focused on polymer selection for polymeric nanoparticles. Numerous natural and synthetic polymers are currently in use and have been adapted for clinical and preclinical applications of polymeric nanoparticles.
Several factors are important in choosing an appropriate polymer for the preparation of polymeric nanoparticles, such as biocompatibility, safety, and immunogenicity (i.e., they should not cause inflammatory or foreign-body reactions) [4] - [7] . The polymer must also be suitable for manufacturing techniques that generate nanoparticles, and ideal polymeric nanoparticles have adjustable morphological and biodegradation properties under in vivo circulation. Degradation properties, which are dependent on attributes such as polymer molecular weight, size, and microstructure of polymeric nanoparticles, are also important, with degradation time and the formation of nontoxic breakdown products of particular importance.
Polymers with biodegradable properties are mainly used as polymeric nanoparticles. Natural polymers, such as chitosan, gelatin, sodium alginate, and albumin are chiefly used, though synthetic polymers such as poly (ethylene glycol) (PEG), polylactides (PLA), polyglycolides (PGA), poly(lactide-co-glycolides) (PLGA), polycaprolactone (PCL), poly(hydroxy butyrate) (PHB), poly(2-hydroxy ethyl methacrylate) (PHEMA), poly (N-(2-hydroxypropyl) methacrylamide) (PHPMA), poly(methyl methacrylate) (PMMA), and poly(vinyl alcohol) (PVA) are also utilized as biodegradable polymers as shown in Figure 2 [4]- [7] [14]- [18] . These polymers can be used in controlled delivery formulations as they are non-toxic and free of harmful and leachable impurities. Thus, the above polymers have great potential as carrier materials for pharmaceutical and biomedical applications. In the following section, albumin, gelatin, chitosan, PLGA, and PEG are discussed in the context of nanoparticle preparation.
Albumin
Albumin is a member of a globular protein family and is biodegradable, water-soluble, moderately soluble in concentrated salt solutions, and denatured by heat. Due to high binding of various drugs, the albumin matrix can be used for effective incorporation of drugs. Albumin can be used in the following drug delivery technologies: coupling of low-molecular weight drugs to exogenous or endogenous albumin, conjugation with bioactive proteins, and encapsulation of drugs into albumin-based nanoparticles [19] . The preparation of albumin-based nanoparticles is generally by desolvation, and prepared albumin-based nanoparticles have been evaluated both on particle size and on the quantity of protein dissolved in the aqueous phase after desolvation correlated with the amount of ethanol added as the desolvating agent [20] . Albumin-based nanoparticles can compete with drug interactions for albumin binding sites, therefore affecting potency.
Gelatin
Gelatin, which is derived from collagen obtained from various animal sources, is a translucent and colorless solid material commonly used in biomedical applications and also used in the preparation of nanoparticles. Gelatin-based nanoparticles are formed by a desolvation process, with the remaining sediment and supernatant analyzed for molecular weight distribution after the initial desolvation step [21] . Gelatin-based nanoparticles can easily be surface-modified by the introduction of several functional groups, which can be used for the additional attachment of functional proteins [22] . Strict regulations apply in the manufacturing of gelatin-based nanoparticles, as gelatin is produced from natural raw materials, which originate from animals.
Chitosan
Chitosan is a linear polysaccharide composed of randomly distributed β-(1-4)-linked ᴅ-glucosamine (deacetylated unit) and N-acetyl-ᴅ-glucosamine (acetylated unit), made from crustacean shells treated with sodium hydroxide. Chitosan is one of the most useful polymers as a drug carrier due to its mucoadhesivity and ability to enhance penetration of large molecules across mucosal surfaces [23] . Chitosan possess positively charged amino groups and thus can interact with negatively charged counter ions [24] . Chitosan-based nanoparticles are produced by ionic gelation, resulting in nanoparticles that are 400 nm in diameter. The positive charge of chitosan-based nanoparticles affects solubility in neutral and basic environments, while in acidic environments, result in increased solubility. These characteristics allow the usage of chitosan to easily deliver a drug to an acidic environment, which is important in biomedical applications.
PLGA
PLGA is a synthetic copolymer produced by random ring opening copolymerization of glycolide and lactide. The major advantage of PLGA is that it undergoes complete biodegradation in aqueous media, resulting in the two original monomers (lactic and glycolic acid), which can be metabolized and eliminated as carbon dioxide and water or excreted unchanged by the kidney [25] - [27] . It possesses not only extreme biocompatibility but also high mechanical strength, making it suitable for a large variety of medical artifices such as sutures or fibers. PLGA-based nanoparticles present high-grade recognition by the reticuloendothelial system of the liver and spleen that remove them from the circulation and reduce the residence time of nanoparticles in the bloodstream drastically, thus avoiding delivery of nanoparticles to selected organs or tumors. PLGA-based nanoparticles are prepared by solvent displacement techniques and/or salting-out techniques, and range in size from 150 -240 nm [28] [29].
PEG
PEG is a non-ionic hydrophilic polyether synthesized by polymerization of the monomer ethylene glycol. PEG is commonly utilized in medicine in various capacities, including orally as a laxative, in drug formulations as an excipient, and in capsule preparations as a coating agent. PEG does not biodegrade in the body and thus is excreted unchanged in kidney. Although PEG is a non-biodegradable polymer, it is extremely biocompatible and does not accumulate in tissue, especially for a low molecular weight polymer [31] .
Preparation of Protein-Loaded Polymeric Nanoparticles
To determine which technique to use for the preparation of nanoparticles, the nature of the drug, mode of administration, duration of drug stability, duration desired for delivery, and site for administration must all be considered, as various difficulties are encountered in formulating proteins for therapeutic usage.
Several methods have been developed for the preparation of nanoparticles [32] [33]. The typical methods for preparation of protein-loaded nanoparticles were shown in Figure 3 . With regards to technological advantages and drawbacks, four techniques are discussed in the following section: emulsification/solvent evaporation, emulsification/solvent diffusion, solvent displacement, and salting-out.
Emulsification/Solvent Evaporation
Emulsification/solvent evaporation is based on two mechanisms: 1) emulsification of a polymer solution into an aqueous phase, and 2) evaporation of polymer solvent and polymer precipitation as nanoparticles. Micro-and nano-emulsions are frequently prepared in combination with isotropic, thermodynamically stable transparent (or translucent) systems of oil, water, and (co-) surfactant [34] - [36] . Using a mixture of protective excipients as the dispersed organic phase, more stable particles can be prepared under high pressure and temperature [37] . PLA, Figure 3 . Preparation of protein-loaded polymeric nanoparticles.
PLGA, PCL, PHB, albumin, gelatin, and chitosan are frequently used polymers. The effectiveness of solvent evaporation to produce nanoparticles is dependent on successful entrapment of protein within particles, and thus is most successful with protein drugs that are poorly soluble in the aqueous medium comprising the continuous phase.
Emulsification/Solvent Diffusion
The polymer is dissolved in an organic phase (e.g., benzyl alcohol, propylene carbonate, or ethyl acetate), which must be partially miscible in water. Diffusion of the organic solvent and the counter diffusion of water into the emulsion droplets induce the formation of polymeric nanoparticles [38] . Important parameters that affect nanoparticle size by emulsion diffusion include polymer concentration, solvent nature, surfactant weight, viscosity, phase ratio, stirring rate, solvent nature, temperature, and flow of water added. This method has high encapsulation efficiencies of up to 70%. Several protein-loaded nanoparticles have been produced by emulsion/solvent diffusion.
Solvent Displacement
Solvent displacement is the continuous emulsification of an amphiphilic organic internal phase solution containing dissolved polymer into the aqueous external phase (surfactant) [39] . Nanoparticles are formed instantaneously by rapid solvent diffusion. Afterwards, solvent displacement forms nanoparticles when small amounts of non-toxic oil are incorporated in organic phase. This method is a convenient and rapid one-step manufacturing process for the preparation of monodispersed polymeric nanoparticles in a size range of approximately 5 -300 nm.
Salt-Out Method
In the salt-out method, the polymer is dissolved in the organic phase, which should be water-miscible, such as acetone or tetrahydrofuran [40] . The aqueous phase contains the emulsifier and a high concentration of salts, which are not soluble in the organic phase. The rapid addition of water to the emulsion, under mild stirring, reduces the ionic strength and leads to migration of the water-soluble organic solvent to the aqueous phase, inducing the formation of polymeric nanoparticles. This process has an important role in protein encapsulation efficiency, and is advantageous in minimizing the stress of protein encapsulation.
Ionic Gelation
Polymeric nanoparticles are prepared using ionic hydrophilic polymers such as chitosan and gelatin. The method involves a mixture of two aqueous phases: 1) chitosan as the cationic ion and 2) poly anion sodium tripolyphosphate. Ionic gelation involves the transition of material from liquid to gel due to ionic interactions at room temperature. Factors such as pH, concentration, component ratio, and mixing method affect the preparation of electrostatically formed nanoparticles [41] . This method produces nanosize particles of less than 500 nm, depending on the type, molecular weight, and chitosan concentration.
Desolvation
Desolvation is a thermodynamically driven self-assembly process for polymeric materials, which prepares nanoparticles of a controlled size [42] . The obtained nano-capsules are vesicular, where the drug is essentially encapsulated in the central core and surrounded by a polymeric sheath. Polymeric nanoparticles form particles of different sizes depending on preparation conditions such as protein content, pH, ionic strength, cross-linking agent concentration, agitation speed, and amount of desolvating agent.
Characterization of Protein-Loaded Polymeric Nanoparticles
Characterization and morphological analysis of nanoparticles is performed using tools such as transmission electron microscopy (TEM), scanning electron microscope (SEM), atomic force microscopy (AFM), dynamic light scattering (DLS), X-ray photoelectron spectroscopy (XPS), powder X-ray diffraction (XRD), ultravioletvisible spectroscopy, dual polarization interferometry, nuclear magnetic resonance (NMR), and nanoparticle tracking analysis (NTA) [43] [44] .
The appropriate characterization of the protein-loaded polymeric nanoparticles requires several analytical methods. There are many characterizations of the protein-loaded polymeric nanoparticles to be assessed because of the stability of protein-loaded polymeric nanoparticles and release kinetics of incorporated protein from protein-loaded polymeric nanoparticles. Surface area and porosity, solubility, particle size distribution, aggregation, hydrated surface analysis, zeta potential, wettability, adsorption potential, and shape and size of the interactive surface should be considered for formation of protein-loaded polymeric nanoparticles. However it is always a challenge for the researchers to characterize protein-loaded polymeric nanoparticles due to more particularly its small particle size. Therefore, intensive research needs to be done to characterize protein-loaded polymeric nanoparticles on themolecular level.
Conclusion and Future Prospects
The importance of protein drugs is growing, and studies have improved the understanding of various proteins and their roles in human health and disease [45] - [49] . However, limitations of protein structure sensitivity to environmental conditions, the necessity to overcome problems associated with protein degradation, to provide sustained protein delivery, and to enhance therapeutic efficacy have led to the consideration of specific administration strategies.
There have been significant advances in protein-loaded nanoparticles in (pre-)clinical studies over the past 20 years. Protein-loaded nanoparticles can provide prolonged protein drug release after in vivo implantation. Protein-loaded polymeric nanoparticles protect proteins from degradation and increase their stability, and allow controlled release for a sustained period of time. When injected, protein released from protein-loaded polymeric nanoparticles can be well-tolerated in animal models and in humans. Thus, the use of protein-loaded nanoparticles may decrease the frequency of required injections by increasing protein drug stability.
A significant challenge for the clinical success of protein-loaded polymeric nanoparticles is the necessity to maintain therapeutically acceptable levels and to develop ideal zero-order release kinetics profiles over longer periods of time in vivo, allowing for extended use in chronically ill patients.
Future studies will focus on commercializing protein-loaded polymeric nanoparticles for sustained protein drug release in humans, which will ultimately require substantial and continual collaborative research among material, pharmaceutical, and clinical scientists.
